INTRODUCTION
Single-atom contacts can be characterized in great detail, and to this purpose a diverse set of experimental techniques has been developed in recent years (for a more extensive review, see Agraït et al. (2003) ). It turns out to be possible to describe their transport properties in terms of a finite number of conductance channels and it is possible to experimentally determine the transmission probabilities for each of these channels. The binding of the atom to the surrounding lead atoms can be probed by measuring the vibration modes, where one exploits point contact spectroscopy. Below, these developments are briefly reviewed, followed by a discussion of the application of these techniques for the study of conducting chains of individual metal atoms and for metal-molecule-metal junctions. For the latter we will focus on simple molecules, including H 2 , C 60 , and benzene, that can serve as benchmark systems for model calculations.
The nanoscale systems to be discussed fall into the class of quasi-ballistic conductors. For a truly ballistic conductor the electrons travel from source to drain without experiencing any scattering. The atomic and molecular bridges we will consider can be selected to have a single conductance channel having a transmission probability close to unity. The single transmission channel reduces the problem essentially to a one-dimensional form. The small deviations from unit transmission, i.e. the quasi-ballistic aspects of the problem, contain important experimental information on the nano system.
We will start by reviewing experiments on the conduction properties for single metal atoms. Nearly all the information on the properties of such nanocontacts should be extracted from the current and voltage only. Nevertheless, a wide range of techniques has been developed to obtain detailed information, e.g. by exploiting the intrinsic noise in the current (shot noise), the details of the differential conductance for superconducting leads (subgap structure), the inelastic scattering signals due to atomic vibrations (point contact spectroscopy), and more. A recent review gives more details on these techniques and on the results for various metals (Agraït et al., 2003) . Some of these techniques can also be exploited to characterize singlemolecule junctions, as will be discussed in the last section.
EXPERIMENTAL TECHNIQUES
Many of the experiments on atomic-sized metallic contacts have been performed using scanning tunnelling microscopes (STM) or, alternatively, by conducting-tip atomic force microscopes (cAFM) (Agraït et al., 1993a , Brandbyge et al., 1995 , Gai et al., 1996 , Limot et al., 2005 , Olesen et al., 1994 , Pascual et al., 1993 . The scanning probe methods have the advantage that the sample surface can be imaged and characterized before and after making contact. This imaging capability is largely sacrificed with the Mechanically Controllable Break Junction (MCBJ) technique (Muller et al., 1992 , van Ruitenbeek et al., 1996 , which is compensated by several other advantages. First, in order to avoid contaminations the contacting metal surfaces need to be clean. For scanning probe techniques this often implies that an ultra-high vacuum (UHV) surface preparation and characterization chamber is required, which increases the complication and cost of the system significantly. In the MCBJ technique a clean surface comes almost without effort. Second, the MCBJ technique allows for fast cycling between measuring and modifying the sample set-up, which simplifies testing of new samples and new approaches. The STM technique is widely employed also for many other experiments and will not be discussed here in detail, since it is presented in many textbooks. Other methods for obtaining atomic-sized contacts are break junctions by electromigration (Park et al., 2000) , and electrochemically fabricated junctions (Kervennic et al., 2003 , Kiguchi et al., 2005 , Li and Tao, 1998 , Xie et al., 2004 . The former are very stable and have the advantage that one can add a gate electrode with reasonably strong coupling to the nanojunction. Many groups have explored electromigration break junctions for single-molecule transport studies (Liang et al., 2002 , Osorio et al., 2007 , Yu and Natelson, 2004 , but this work is outside the scope of this review because in all cases the transmission of the junctions is low. It is also possible to form metallic atomic-sized contacts by these methods. Junctions formed electrochemically were even demonstrated to switch reproducibly between quantized conductance values controlled by the reference electrode (Xie et al., 2004) .
The MCBJ technique is ideally suited for experiments at low temperatures. One of the main advantages compared to other low-temperature techniques (Kubatkin et al., 2003 , Park et al., 2000 is the possibility to manipulate the atomic and molecular junctions and to modify the measuring configuration. This is particularly useful when measuring the vibration modes of the molecule, where the observation of stretching dependence in the vibration mode energy allows identification of the type of vibration mode and gives further confirmation on the origin of the signal.
The principle of the MCBJ technique is illustrated in Fig. 2 . By breaking the metal, two clean fracture surfaces are exposed, which remain clean due to the cryo-pumping action of the low-temperature vacuum can. This method circumvents the problem of surface contamination of tip and sample in STM experiments, where a UHV chamber with surface preparation and Figure 1 : Schematic view of the mounting of a mechanically controllable break junction, where the metal to be studied has the form of a notched wire, which is fixed onto an insulated elastic substrate with two drops of epoxy adhesive very close to either side of the notch. The substrate is mounted in a three-point bending configuration between the top of a stacked piezo element and two fixed counter supports. This setup is mounted inside a vacuum can and cooled down to liquid helium temperatures. Then the substrate is bent by moving the piezo element forward. The bending causes the top surface of the substrate to expand and the wire to break at the notch. Typical sizes are L 20mm, t = 0.8mm, andu 0.1mm. analysis facilities are required to obtain similar conditions. The fracture surfaces can be brought back into contact by relaxing the force on the elastic substrate, while a piezoelectric element is used for fine control. The roughness of the fracture surfaces results in a first contact at one point, and experiments usually give no evidence of multiple contacts. In addition to a clean surface, a further advantage of the method is the stability of the two electrodes with respect to each other. From the noise in the current in the tunnelling regime one obtains an estimate of the vibration amplitude of the vacuum distance, which is typically less than 10 −3Å . The stability results from the reduction of the mechanical loop which connects one contact side to the other, from centimeters, in the case of an STM scanner, to ∼ 0.1 mm in the MCBJ.
Further improvements in stability and control can be achieved by replacing the sample wire with a microfabricated wire obtained by electron beam lithography in a thin metal film on an insulating substrate (van Ruitenbeek et al., 1996 , Zhou et al., 1995 . Note that for such microfabricated MCBJ devices the ratio between the movement of the piezo element and the displacement of the two wire ends with respect to each other is so small (of order 10 −4 ) that the range covered by the full piezo extension is only a few tenths of a nanometer. The control over the displacement in such experiments is fully mechanical, often employing an stepper motor and a reduction gear near the MCBJ device.
For atomic-sized metallic contacts that have a resistance of order 1-10 kΩ one can either choose to source the current and measure the voltage in a four-point configuration, or source the voltage and measure the resulting current in a two-lead arrangement. For low-conductance molecules and for measurements in the tunnelling range the latter option is preferred. When measuring small variations of the differential conductance as described in Sects. 3.3 and 3.5 it is advantageous to measure directly the differential conductance, dI/dV , by a lock-in technique. The absolute accuracy of the determination of the linear resistance is in the order of 1%, while relative changes down to 10 −5 can be detected. Such precision is only achieved at low temperatures since higher temperatures lead to instabilities of the junctions. In particular, at high bias voltage (V ∼ 1V) and at room temperature, the junction may be altered during the measurement.
When measurements of the conductance as a function of the inter-electrode distance are performed, e.g. for the recording of conductance histograms or the study of individual socalled opening or closing curves, a constant dc-bias voltage is applied, the current is recorded and the position of the electrodes is controlled by ramping the piezo voltage or running the motor linearly with a certain turning speed.
Introducing the molecules to the junction is often one of the least controlled and least understood aspects of the problem. When thiol anchoring groups are employed the bond with the metal needs to be formed at room temperature, otherwise there is not enough activation energy available to split off the protection groups that are usually present, and then bind to the metal. Once the molecule is in the junction one cannot simply cool down since thermal contraction of the various parts of the set up will change the inter electrode distance too much. Reichert et al. (2003) have devised a solution where they break the junction at room temperature after having introduced the molecules between the electrodes, relying on the strong Au-thiol bond to pull out a gold cluster from one of the electrodes. Maintaining a large electrode separation they cool down and remake contact with the gold cluster at low temperatures. They have shown sharp current-voltage characteristics obtained in this way, but the procedure needed to prevent contaminations remains a bit delicate.
For the simple molecules that will be discussed below one relies on a different type of chemistry. Clean metal surfaces, in particular for nano sized metals, are highly reactive. Many common gaseous substances are believed to be able to chemically bind to those metal surfaces, even at cryogenic temperatures. Prominent examples are H 2 and CO binding to Pt, but the list of combinations is much longer, including nitrogen bonds as in pyridene, carbon double or triple bonds as in acetylene, etc. The advantage is that the metal surface can be exposed to cryogenic vacuum only and contamination with other substances can be minimized. Once the metal junction is characterized and has been verified to be clean, the molecules are introduced through a capillary, that can be heated to avoid freezing of the substance. The dose of deposited material cannot be easily quantified, but one monitors the conductance properties of the junction while gently admitting the gasses until a characteristic change in conductance is observed. Details depend on the type of gas being introduced, and often it is useful to continuously record conductance histograms (see Sect. 3.2) and monitor changes in those.
3 ATOMIC-SIZED METALLIC CONTACTS Figure 2 shows some examples of the conductance measured during breaking of a gold contact at low temperatures, using an MCBJ device. The conductance decreases by sudden jumps, separated by plateaux, which have a negative slope, the higher the conductance the steeper are the slopes. Some of the plateaux are remarkably close to multiples of the conductance quantum, G 0 = 2e 2 /h; in particular the last plateau before loosing contact is nearly Figure 2 : Three typical recordings of the conductance G measured in atomic-sized contacts for gold at helium temperatures, using the MCBJ technique. The electrodes are pulled apart by increasing the piezo-voltage. The corresponding displacement is about 0.1 nm per 25 V. After each recording the electrodes are pushed firmly together, and each trace has new structure. From: Krans (1996) . flat and very close to 1 G 0 . Closer inspection, however, shows that many plateaux cannot be identified with integer multiples of the quantum unit, and the structure of the steps is different for each new recording. Also, the height of the steps is of the order of the quantum unit, but can vary by more than a factor of 2, where both smaller and larger steps are found. Drawing a figure such as Fig. 2 , with grid lines at multiples of G 0 , guides the eye to the coincidences and may convey that the origin of the steps is in quantization of the conductance. However, in evaluating the graphs, one should be aware that a plateau cannot be farther away than one half from an integer value, and that a more objective analysis is required. Still, it is clear that we can use these fairly simple techniques to produce and study atomic-scale conductors, for which the conductance is dominated by quantum effects. The interpretation of graphs as in Fig. 2 will be the subject of this section.
Landauer theory of conductance
The metallic point contacts and molecular junctions that we will consider are all of atomic size, much smaller than all characteristic scattering lengths of the system. In particular, the electron mean free path for elastic scattering on defects and impurities near the contact is assumed to be much longer than the contact size. The only elastic scattering considered is the scattering by the walls forming the boundary of the system. Also, it is assumed that the probability for scattering events which change the spin and phase of the electron wave function is negligible 1 . The atomic-sized junctions of interest here are strongly coupling the electronic states in left and right leads. In this limit, following the standard approach (for reviews, see Agraït et al. (2003) , Beenakker and van Houten (1991) , Datta (1995) , Imry (1997) , and µ µ Figure 3 : Schematic representation for a ballistic two-terminal conductance problem. The gray box represents the atomic-sized contact, or the scattering area. The reservoirs (or electrodes) on the left and right of the wiggly lines emit electrons onto the sample with an energy distribution corresponding to the electrochemical potentials µ L and µ R , respectively, with µ L − µ R = eV . Electrons reflected from the sample are perfectly absorbed by the reservoirs. The straight sections connecting the reservoirs to the sample represent perfect leads, where the number of modes in the left and right lead is N L and N R , respectively, and these numbers are not required to be equal. chapter 1 of this volume) we will assume that the system can be schematically represented as in Fig. 3 . The connection between the ballistic system and the outside world is represented by electron reservoirs on each side of the contact, which are held at a potential difference eV by an external voltage source. When the leads connecting the reservoirs to the contact are straight wires of constant width, there is a well-defined number of conducting modes in each of these wires, say N L and N R for the left and right lead, respectively. In a free electron gas model the modes are simply plane waves, which can propagate in the current direction (to the left and right) and are standing waves in the perpendicular directions. The modes can be labelled by an index corresponding to the number of nodes in the perpendicular direction. The numbers N L and N R are not limited but all the modes that have an energy much more than k B T above the Fermi energy can be ignored.
The conductance of the system can now be simply expressed as
where e is the electron charge, h is Planck's constant, and t is an N L × N R matrix with matrix element t mn giving the probability amplitude for an electron wave in mode n on the left to be transmitted into mode m on the right of the contact. It can be shown that the product matrix t † t can always be diagonalized by going over to a new basis, consisting of linear combinations of the original modes in the leads. Further, the number, N c , of non-zero diagonal elements is only determined by the number of modes at the narrowest cross section of the conductor (Brandbyge et al., 1997 . Equation (1) thus simplifies to
where T n = |t nn | 2 and the index refers to the new basis. Under favorable circumstances, all transmission probabilities, T n , can be close to unity. As an example, for a smooth ('adiabatic') and long wire the modes at the narrowest cross section couple exclusively to a single mode at either side of the contact, and the expression for the conductance further simplifies to
where G 0 = 2e 2 /h is the conductance quantum. For increasing diameter of the contact the number N c increases each time a new mode fits into the narrowest cross section. This quantization of the conductance was first observed in experiments on 2D electron gas devices by van Wees et al. (1988) , where the Fermi wavelength λ F 400Å is much larger than the atomic scale. At zero temperature the number N c is limited by the requirement that the kinetic energy for motion in the perpendicular direction is smaller than the Fermi energy. For a two-dimensional system this can be expressed as ( 2 /2m)(πN c /W ) 2 < E F , with W the width of the contact, which leads to N c = Int(2W/λ F ), with λ F the Fermi wavelength. For a three-dimensional metallic contact we have N c ≈ (πR/λ F ) 2 , with R the contact radius. In metals the quantization effects are somewhat obscured by the discreteness of the atomic structure of the contacts because λ F is of the order of the size of an atom. The lowest conductance plateau near 1 G 0 in Fig. 2 is due to a bridge of a single atomic bond, that has a single conductance channel with near-perfect transmission. Below we will discuss how this statement can be verified experimentally. Only monovalent metals (the alkali metals and the noble metals) show this single-quantum mode character for a single atomic bond, and weaker quantization effects can be identified for somewhat larger contact sizes. For s-p metals and transition metals there are contributions from various orbitals and the picture is slightly more complicated. However, as we shall see, the number channels for a given contact configuration is always well defined and can often be determined experimentally.
Conductance histograms
The atomic configuration of a contact adjusts itself in response to the externally applied stress and evolves according to the starting configuration of the contact at larger size. The fact that each conductance curve differs in many details from previous curves reflects the fact that the atomic configuration of the contact for given conductance is different in each run. However, as observed in the previous section, there appears to be a certain preference for conductance values near integer multiples of the quantum unit. For gold near 1 G 0 this is immediately obvious from the examples in Fig. 2 . A general and objective method of analysis was introduced by Olesen et al. (1995) and Krans et al. (1995) , which consists in recording histograms of conductance values encountered in a large number of runs. Figure 4 shows a histogram for gold measured using a room temperature STM under UHV conditions (Brandbyge et al., 1995) . Up to four peaks are found centered near the first four multiples of G 0 . Not all metals show such pronounced histogram peaks near integer conductance values. The most clear-cut results are obtained only for monovalent metals. The noble metals Cu, Ag and Au show histograms as in Fig. 4 . The details, such as the shift from the ideal position, the width and relative height of the peaks, can be different depending on the experimental conditions (Brandbyge et al., 1995 , Costa-Krämer, García, and Olin, 1997 , Gai et al., 1996 , Hansen et al., 1997 , Krans et al., 1995 , Ludoph and van Ruitenbeek, 2000 . The alkali metals demonstrate very clear peak structures at multiples of the conductance quantum (Krans et al., 1995 , Yanson, 2001 . Most other metals only show a rather broad first peak, which cannot generally be identified with an integer value of the conductance; for example platinum shows a wide peak centered near 1.6 G 0 (Fig. 5 , black) and only weak features at larger contact size. Similar results have been obtained for many transition metals (Yanson, 2001 ). The first peak in a histogram is usually associated with the typical conductance of a single atomic bond, or a chain of a few atoms. From the example in Fig. 5 it is evident that the conductance through this transition metal atom is carried by more than a single channel, and that the conductance is not an integer multiple of the conductance quantum. We will next discuss how the actual number of channels can be extracted from experiment.
Conduction channel composition
Instead of discussing the averaged properties of many contacts, we now concentrate on a single atomic bond bridging the electrodes at either side, and consider the question of what is the number of modes contributing to the conductance and the transmission probability, T n , for each of these. The set of transmission probabilities {T n } fully determines the transport properties of the junction and we will refer to this set as the mesoscopic PIN-code of the junction. From a measurement of the conductance alone we cannot obtain this information, since the conductance gives only the sum, G = G 0 n T n . Scheer et al. (1997) have introduced a method which allows us to obtain this information from experiment. The method exploits the non-linearities in the current-voltage characteristic for contacts in the superconducting state. Other techniques, which give more limited information on the contribution of the various modes, include the measurement of shot noise (van den Brom and van Ruitenbeek, 1999) or the measurement of conductance fluctuations (Ludoph et al., 1999) .
Superconducting subgap structure
The principle of the method introduced by Scheer et al. can be illustrated by considering first a contact having a single mode with low transmission probability, T 1. For T 1 we have essentially a tunnel junction, and the current-voltage characteristic for a superconducting tunnel junction is known to directly reflect the gap, ∆, in the density of states for the superconductor (Wolf, 1989) . As illustrated in Fig. 6a no current flows until the applied voltage exceeds 2∆/e (where the factor 2 results from the fact that we have identical superconductors on both sides of the junction), after which the current jumps to approximately the normal-state resistance line. For eV > 2∆ single quasi-particles can be transferred from the occupied states at E F − ∆ on the low voltage side of the junction to empty states at E F + ∆ at the other side. For eV < 2∆ this process is blocked, since there are no states available in the gap.
However, when we consider higher order tunnel processes a small current can still be obtained. Figure 6 (b) illustrates a process, which is allowed for eV > ∆ and consists of the simultaneous tunnelling of two quasiparticles from the low bias side to form a Cooper pair on the other side of the junction. The onset of this process causes a step in the current at half the gap value, V = 2∆/2e. The height of the current step is smaller than the step at 2∆/e by a factor T , since the probability for two particles to tunnel is T 2 . In general, one In each of the three diagrams the available quasi-particle states as a function of energy (vertical axis) at both sides of the tunnel barrier are given in the semiconductor representation. The occupied states are represented as dark grey, while the unoccupied states are light grey and the line in the middle of the gap represents the Cooper pair energy, which is separated by an energy ∆ from the occupied and the unoccupied quasiparticle states. Applying an external electrical potential V across the junction shifts the states on the left side of the junction up by an energy eV with respect to those in the right electrode. The ordinary superconducting tunnelling process is given in (a), which shows that a voltage V > 2∆/e is required for single quasi-particles to cross the junction. The probability for tunnelling of a particle, determined by the transparency of the barrier, is T . This gives rise to the familiar jump in the current at eV = 2∆ in the current-voltage characteristic of a superconducting tunnel junction. When we consider higher order processes, the next order is represented in (b). This can be described as two quasi-particles crossing simultaneously to form a Cooper pair in the right electrode (MPT). Alternatively, the process can be regarded as an electron-like quasiparticle falling onto the barrier, which is reflected as a hole-like quasiparticle, forming a Cooper pair on the right (MAR). The two descriptions are equivalent, and give rise to a current step in the current-voltage characteristic of the junction at eV = 2∆/2. The probability for the process is T 2 , since it requires the crossing of two particles. (c) shows the third order process, which involves breaking up a Cooper pair on the left, combining it with a quasiparticle, to form a Cooper pair and a quasiparticle on the right. It is allowed for eV > 2∆/3 and has a probability T 3 can construct similar processes of order n, involving the simultaneous transfer of n particles, which give rise to a current onset at eV = 2∆/n with a step height proportional to T n . An example for n = 3 is illustrated in Fig. 6c . This mechanism is known as multiple particle tunnelling and was first described by Schrieffer and Wilkins (1963) . It is now understood that this is the weak-coupling limit of a more general mechanism known as multiple Andreev reflection (Arnold, 1987 , Averin and Bardas, 1995 , Bratus' et al., 1997 , 1995 , Cuevas et al., 1996 , Klapwijk et al., 1982 . The theory could only recently be tested experimentally, since it requires the fabrication of a tunnel junction having a single tunnelling mode with a welldefined tunnelling probability T . For atomic-sized niobium tunnel junctions the theory was shown to give a very good agreement (van der Post et al., 1994) , describing up to three current steps, including the curvature and the slopes, while the only adjustable parameter is the tunnel probability, which can be fixed by the measured normal state resistance.
Since the theory has now been developed to all orders in T (Arnold, 1987 , Averin and Bardas, 1995 , Bratus' et al., 1997 , 1995 , Cuevas et al., 1996 ) Scheer et al. (1997 realized that this mechanism offers the possibility of extracting the transmission probabilities for contacts with a finite number of channels contributing to the current, and that it is ideally suited for analyzing atomic-sized contacts. Roughly speaking, the current steps at eV = 2∆/n are proportional to (T m ) n , with m the channel index, and when we can resolve sufficient details in the current-voltage characteristics, we can fit many independent sums of powers of T m 's. When the T m 's are not small compared to 1, all processes to all orders need to be included for a description of the experimental curves. In practice, the full expression for the current-voltage characteristics for a single channel from theory (Averin and Bardas, 1995 , Bratus' et al., 1997 , 1995 , Cuevas et al., 1996 is numerically evaluated for a given transmission probability T m (Fig. 7, inset) , and a number of such curves are added independently, where the T m 's are used as fitting parameters. Scheer et al. (1997) tested this approach first for aluminium contacts. As shown in Fig. 7 , all current-voltage curves for small contacts can be very well described by the theory. However, the most important finding was that at the last 'plateau' in the conductance, just before the breaking of the contact, typically three channels with different T 's are required for a good description. Note that the total conductance for such contacts is of order 1 G 0 , and would in principle require only a single conductance channel. Contacts at the verge of breaking are expected to consist of a single atomic bond, and this bond would then admit three conductance channels, but each of the three would only be partially open, adding up to a conductance close to 1 G 0 . This very much contradicts a simple picture of quantized conductance in atomic-sized contacts. In fact, in a systematic study for a number of s, sp and sd-metals it has been shown that the number of conductance channels through an atom is associated with the number of valence orbitals (Scheer et al., 1998) . A single channel is found for monovalent metals, three channels for sp metals and five for sd metals. These conclusions are consistent with further experiments on shot noise and conductance fluctuations to be discussed next.
Shot noise
Shot noise is the result of the discrete character of the current due to the passage of individual electrons. It was originally found in vacuum diodes, and first discussed by Schottky (1918) . The passage of individual electrons can be regarded as a delta function of the current with time. The total current is the sum of a random distribution of such delta functions, giving a time averaged current I, and a frequency spectrum of fluctuations which is white (up to very high frequencies), with a noise power equal to 2eI. This shot noise can be observed, for example, in tunnel junctions.
For a perfectly ballistic point contact in the absence of back-scattering, i.e., a contact having all open channel transmission probabilities equal to 1, shot noise is expected to vanish (Blanter and Büttiker, 2000 , Büttiker, 1990 , Lesovik, 1989 . This can be understood from the wave nature of the electrons, for which the wave function extends from the left bank to (Averin and Bardas, 1995 , Bratus' et al., 1997 , 1995 , Cuevas et al., 1996 the right bank of the contact without interruption. When the state on the left is occupied for an incoming electron, it is occupied on the right as well and there are no fluctuations in this occupation number. In other words, in order to have noise the electron must be given the choice of being reflected at the contact. This will be the case when the transmission probability is smaller than 1 and larger than 0. In single-channel quantum point contacts, shot noise is predicted to be suppressed by a factor proportional to T (1 − T ), where T is the transmission probability of the conductance channel (Blanter and Büttiker, 2000 , Büttiker, 1990 , Lesovik, 1989 . This quantum suppression has first been observed in point contact devices in a two-dimensional electron gas (Kumar et al., 1996 , Reznikov et al., 1995 . For a general multichannel contact in the limit of very low temperatures the shot noise power is predicted to be
Since this depends on the sum over the second power of the transmission coefficients, this quantity is independent of the conductance, G = G 0 T n , and simultaneous measurement of these two quantities should give information about the mesoscopic PIN code of the contact. The relevant quantity is often conveniently expressed in terms of the Fano factor F , which is the ratio of the shot noise to the noise that the same current would produce in the classical Schottky limit,
When measuring shot noise on atomic-sized point contacts (van den Brom and van Ruitenbeek, 1999) it is necessary to work at low temperatures in order to reduce thermal noise, and to shield the contact carefully from external mechanical and acoustic vibrations. Using two sets of preamplifiers in parallel and measuring the cross-correlation of the noise for the two signals eliminates the noise of the preamplifier. Experimental results for shot noise have been reported in atomic-sized contacts for gold and aluminum (van den van Ruitenbeek, 1999, 2000) . From the two measured parameters, G and P I , one can determine at most two independent transmission probabilities. For gold single-atom contacts with conductance below 1 G 0 the data are consistent with a single conductance channel having a transmission probability T = G/G 0 . For larger contacts there is a tendency for the channels to open one-by-one, but admixture of additional channels grows rapidly. There is a very strong suppression, down to F = 0.02, for G = 1 G 0 , which unambiguously shows that the current is carried dominantly by a single channel. It needs to be stressed that this holds for gold contacts. There is a fundamental distinction between this monovalent metal and the multivalent metal aluminum, which shows no systematic suppression of the shot noise at multiples of the conductance quantum, and the Fano factors lie between about 0.3 and 0.6 for G close to G 0 (van den Brom and van Ruitenbeek, 2000) . This gain agrees with the results from subgap structure analysis above. Every contact is different, but one can take for example curves b and c in Fig. 7 that have G = 0.85 and G = 0.88G 0 , respectively. From the mesoscopic PIN code given in the caption we obtain F = 0.29 and F = 0.541, respectively. Cron et al. (2001) have investigated this connection more rigourously through an elegant experiment by measuring the subgap structure and shot noise for one and the same contact of aluminum. They first obtain the PIN code from the subgap structure and next measure the shot noise without modifying the contact. They obtain full quantitative agreement between the two measurements, illustrating that the PIN code suffices to predict all other low-energy transport properties for ballistic nanocontacts.
Conductance fluctuations
Interference between electron trajectories scattering on defects near atomic-sized metallic contacts gives rise to dominant contributions to the second derivative of the current with respect to bias voltage V , i.e., in dG/dV . This effect has the same origin as the well-known universal conductance fluctuations (UCF) in diffusive mesoscopic conductors (Lee and Stone, 1985, Zyuzin and Spivak, 1990) . In experiments on gold contacts (Ludoph et al., 1999, Ludoph and it was found that this voltage dependence is suppressed near multiples of the quantum value of conductance, n(2e 2 /h). By applying a constant modulation voltage at frequency ω and measuring the current with two lock-in amplifiers simultaneously, at ω and the second harmonic 2ω, the conductance and its derivative can be obtained during conductance scans. From the combined data sets of many such curves one can construct a conductance histogram together with the average properties of dG/dV . It was found that the standard deviation of the derivative of the conductance with bias voltage, σ GV = (dG/dV ) 2 , has a pronounced minimum near G = 1G 0 for monovalent metals. Smaller minima can be found near G = 2, 3, and 4 G 0 .
The explanation for this quantum suppression of the conductance fluctuations is illustrated in Fig. 8 . The contact is modelled by a quasi-ballistic central part, which can be described by a set of transmission values for the conductance modes, sandwiched between diffusive banks, where electrons are scattered by defects characterised by an elastic scattering length l e . An electron wave of a given mode falling onto the contact is transmitted with probability amplitude t and part of this wave is reflected back to the contact by the diffusive medium, into the same mode, with probability amplitude a n 1. This back-scattered partial wave is then reflected again at the contact with probability amplitude r n , where T n = |t n | 2 = 1−|r n | 2 . The latter partial wave interferes with the original transmitted partial wave. This interference depends on the phase difference between the two waves, and this phase difference depends on the phase accumulated by the waves during the passage through the diffusive medium. The probability amplitude a n is a sum over all trajectories of scattering, and the phase for such a trajectory of total length L is simply kL, where k is the wave vector of the electron. The wave vector can be influenced by increasing the voltage over the contact, thus launching the electrons into the other electrode with a higher speed. The interference of the waves changes as we change the bias voltage, and therefore the total transmission probability, or the conductance, changes as a function of V . This describes the dominant contributions to the conductance fluctuations, and from this description it is clear that the fluctuations are expected to vanish either when t n = 0, or when r n = 0.
Elaborating this model Ludoph et al. (1999) obtained the following analytical expression for σ GV ,
where k F and v F are the Fermi wave vector and Fermi velocity, respectively, τ e = l e /v F is the scattering time. The shape of the contact is taken into account in the form of the opening angle γ (see Fig. 8 ), and V m is the applied voltage modulation amplitude. The observed mean conductance fluctuation amplitude as a function of conductance for monovalent metals agrees with the assumption of a single conductance channel for singleatomic bond contacts. We will discuss conductance fluctuation data for Pt-H 2 -Pt single molecule junctions below.
Atomic chains
We may conclude that all evidence shows that for a single atomic bond for monovalent metals the current is carried by a single mode, with a transmission probability close to one. Guided by this knowledge in experiments on gold Yanson et al. (1998) discovered that during the contact breaking process the atoms in the contact form stable chains of single atoms, up to 7 atoms long. Independently, Ohnishi et al. (1998) discovered the formation of chains of gold atoms at room temperature using an instrument that combines a STM with a transmission electron microscope, where an atomic strand could be directly seen in the images.
Some understanding of the underlying mechanism can be obtained from molecular dynamics simulations. Already before the experimental observations, several groups had observed the spontaneous formation of chains of atoms in computer simulations of contact breaking (Finbow et al., 1997 , Sørensen et al., 1998 . Figure 9 shows the results obtained by Sørensen et al. (1998) for gold. The authors caution that the interatomic potentials used in the simulation may not be reliable for this unusual configuration. However, the stability of these atomic wires has now been confirmed by various more advanced calculations (Bahn and Jacobsen, Figure 9 : Atomic configuration obtained during the last stages of breaking of a nanowire in a molecular dynamics simulation for gold, using a bath temperature of 12 K. The figure is produced from calculations by Sørensen et al. (1998 , da Silva et al., 2001 , Häkkinen et al., 2000 .
Only three metals are known to form purely metallic atomic chains, namely Au, Pt, and Ir (Smit et al., 2001) . They are neighbors in the sixth row of the periodic table of the elements and they share another property: they make similar reconstructions of the surface atoms for on clean [100], [110] , and [111] surfaces. A common origin for these two properties has been suggested, in terms of a relativistic contribution to the linear bond strength (Smit et al., 2001 ).
Point contact spectroscopy
Such chains constitute the ultimate one-dimensional metallic nanowires. For gold chains the current is carried by a single mode, with a transmission probability that is somewhat below 1 due to back-scattering, but can be tuned to unity by adjusting the stress on the junction. A number of unusual properties for the atomic chains have been investigated, but here we want to focus on the scattering of electrons by vibration modes of the atomic chain. Atomic chains sustain enormous currents, up to 80 µA, due to the quasi-ballistic nature of the electron transport (Yanson et al., 1998) . Nevertheless, electrons interact with the vibration modes as was observed in point contact spectroscopy by Agraït et al. (2002) , shown in Fig. 10 .
For Point Contact Spectroscopy (PCS), in contrast to Inelastic Electron Tunnelling Spectroscopy (IETS), the conductance decreases at the voltage corresponding to the vibration mode energy, eV = ω. This difference can be understood in a simple picture for the lowest order process, as illustrated in Fig. 11 . In this simplified scheme elastic processes of virtual emission and reabsorption which can modify the shape of the signal (Galperin et al., 2004) are ignored. IETS is becoming a very important tool in STM spectroscopy of individual molecules, and was first reported by Stipe et al. (1998) . The crossover between PCS and IETS is expected to occur for a transmission probability of T = 0.5, as was recently observed .
PCS for relatively large contacts was pioneered by Yanson (Yanson and Shklyarevskii, 1986) . The spectrum for gold is shown as curve E in Fig. 10 . It reflects the bulk phonon density of states, as illustrated in the inset, modified by the electron-phonon coupling function. The PCS signal for a chain of gold atoms in Fig. 10 is dominantly due to the zone-boundary longitudinal mode, with neighboring atoms moving in antiphase. As the atomic chain is stretched the energy of this mode is seen to decrease and the intensity of the signal increases. This is expected for this longitudinal mode, since stretching of the chain reduces the bond strength and therewith the effective spring constant for the harmonic oscillators. The signal strength is enhanced due to the larger corrugation of the atomic potential that the electrons experience. For further stretching the chain either breaks, or a new atom is inserted, which relaxes the strain and the vibration mode jumps back to the position of curve A.
Recently, Marchenkov et al. (2007) showed in an experiment on Nb junctions that vibration mode information is possibly more clearly visible in the superconducting states of metallic leads. If confirmed for molecular junctions, superconducting leads may combine the advantages of providing information on the conductance channel composition with vibration spectra in one run. Spectroscopy for normal metal leads is discussed below for single-molecule junctions and this already is a powerful tool to obtain detailed information on the configuration and composition of the nanocontacts. ) shows the evolution of the conductance while the contact is being stretched (top curve). The long plateau at 1 G 0 indicates the formation of a monatomic chain. The return trace after breaking is also shown (lower curve). At each of the points marked A, B, C, and D the elongation was interrupted and a phonon spectrum, dI/dV vs. bias voltage V was recorded, as displayed in (b). The differential conductance was measured with a lock-in technique at a modulation of 0.5 mV. The numerical derivative of these curves is shown in (c). The experiments were performed at a bath temperature of 2 K. Curve E in (c) shows the point contact spectrum for a larger gold contact, and the inset compares it to the bulk phonon density of states. Adapted from: Agraït et al. (2002) ; copyright The American Physical Society .
METAL-MOLECULE-METAL JUNCTIONS
Single organic molecules should be able to perform many functions that are presently realized in silicon semiconductor integrated circuits. Although there are still many roadblocks ν ν Figure 11 : Schematic illustration of the processes of (a) Inelastic Electron Tunnelling Spectroscopy (IETS) and (b) Point Contact Spectroscopy (PCS). The former (a) applies to weak coupling between the electrodes, with a nano-object (a molecule) inserted in the energy barrier. At low temperatures the electron states are filled up to the Fermi level, which is shifted by eV in the right electrode due to the application of an external potential. Electrons tunnel elastically from the left electrode to the right into the empty states. By exciting a vibration mode in the nano-object inside the tunnel barrier some of the electrons lose energy. The Pauli exclusion principle allows the scattered electrons to continue only into the right electrode. Since this scattering process is allowed above the vibration mode energy, eV > ω, and opens up a new forward current path, it is observed as step up in the conductance. In contrast, PCS (b) gives rise to a decrease of the conductance. We assume a single conductance mode with transmission probability equal to unity. The electrons are then completely delocalized over the two electrodes and the description naturally starts from considering momentum space. The right-moving electrons are occupied to a level eV higher than the left moving states (thick curve). When an electron suffers an inelastic scattering event and ends up at a lower energy, the Pauli exclusion principle dictates in this case that the electron should scatter backwards. Thus, we will see this as a step down in conductance.
ahead it is very attractive to look into the possibilities of building molecular electronics circuits. A first step is to actually contact a single molecule.
A significant fraction of the experimental work on single molecule transport was inspired by the paper by Reed et al. (1997) . The experiment was performed using a mechanically controllable break junction device (Muller et al., 1992) working at room temperature, with the junction immersed in a solution of the organic compound of interest. The compound they selected was benzene-1,4-dithiol that has become the workhorse in this field of science. In the experiment the broken gold wire was allowed to interact with the molecules for a number of hours so that a self-assembled monolayer covered the surface. Next, the junction was closed and re-opened a number of times and current-voltage (I − V ) curves were recorded at the position just before contact was lost completely. The I − V curves showed some degree of reproducibility with a fairly large energy gap feature of about 2eV, that was attributed to a metal-molecule-metal junction.
We will not attempt to give a full overview of the developments in this field here. More details on this research can be found in chapters 4 and 10 of this volume and in a recent review by Natelson (2008) . All of these experiments have been performed at room temperature, either in air, under inert gas atmosphere, or in solution. There is much to be gained by taking the junctions to helium temperatures, where the various tools described above become available for more detailed investigation of the metal-molecule-metal system. We will focus here on those experiments for which the coupling of the molecules to the leads is sufficiently strong that we remain in the limit of quasi-ballistic transport. One reason for specializing to this class of molecular junctions is the observation that for most of the experiments on single molecules in the regime of low conductance there is rather strong variation in the experimental results between various attempts, and the calculated conductance is generally between one and three orders of magnitude higher than the measured conductance. Therefore it is useful to take a step back and first consider simple model systems that can be characterized in more detail by the methods outlined above.
Hydrogen
Smit et al. (2002) obtained molecular junctions of a hydrogen molecule between platinum leads using the mechanically controllable break junction technique. The inset to Fig. 5 shows a conductance curve for clean Pt (black) at 4.2 K, before admitting H 2 gas into the system. About 10 000 similar curves were used to build the conductance histogram shown in the main panel (black, normalized by the area). After introducing hydrogen gas the conductance curves were observed to change qualitatively as illustrated by the gray curve in the inset. The dramatic change is most clearly brought out by the conductance histogram (gray, hatched). Clean Pt contacts show a typical conductance of 1.5 ± 0.2 G 0 for a single-atom contact, as can be inferred from the position and width of the first peak in the Pt conductance histogram. Below 1 G 0 very few data points are recorded, since Pt contacts tend to show an abrupt jump from the one-atom contact value into the tunnelling regime towards tunnel conductance values well below 0.1 G 0 . In contrast, after admitting hydrogen gas a lot of structure is found in the entire range below 1.5 G 0 , including a pronounced peak in the histogram near 1 G 0 . We will now focus on the molecular arrangement responsible for this sharp peak. Clearly, many other junction configurations can be at the origin of the large density of data points a lower conductance, as discussed by Kiguchi et al. (2007) .
Conductance histograms recorded using Fe, Co and Ni electrodes in the presence of hydrogen also show a pronounced peak near 1 G 0 (Untiedt et al., 2004) , indicating that many transition metals may form similar single-molecule junctions. Also Pd seemed a good candidate, but Csonka et al. (2004) find an additional peak at 0.5 G 0 in the conductance histogram, and it was argued that hydrogen is incorporated into the bulk of the Pd metal electrodes.
Vibration modes
The interpretation of the peak at 1 G 0 was obtained from a combination of measurements, including vibration spectroscopy, and Density Functional Theory (DFT) calculations. Experimentally, the vibration modes of the molecular structure were investigated by exploiting the principle of point contact spectroscopy, for contacts adjusted to sit on a plateau in the conductance near 1 G 0 . Figure 12 shows examples for Pt-H 2 and Pt-D 2 junctions at a conductance near 1 G 0 . The Figure 12 : Differential conductance curve for a molecule of D 2 contacted by Pt leads. The dI/dV curve (top) was recorded using a standard lock-in technique with a voltage bias modulation of 1 meV at a frequency of 7.7 kHz. The lower curve shows the numerically obtained derivative. The spectrum for H 2 in the inset shows two phonon energies, at 48 and 62 meV. All spectra show some, usually weak, anomalies near zero bias that can be partly due to excitation of modes in the Pt leads, partly due to two-level systems near the contact. From: Djukic et al. (2005) ; copyright The American Physical Society.
conductance is seen to drop by about 1 or 2%, symmetrically at positive and negative bias, as expected for electron-phonon scattering. The energies are in the range 50-60 meV, well above the Debye energy of ∼20 meV for Pt metal. A high energy for a vibration mode implies that a light element is involved, since the frequency is given by ω = κ/M with κ an effective spring constant and M the mass of the vibrating object. The proof that the spectral features are indeed associated with hydrogen vibration modes comes from further experiments where H 2 was substituted by the heavier isotopes D 2 and HD. The positions of the peaks in the spectra of d 2 I/dV 2 vary within some range between measurements on different junctions, which can be attributed to variations in the atomic geometry of the leads to which the molecules bind. Figure 13 shows histograms for the vibration modes observed in a large number of spectra for each of the three isotopes.
Two pronounced peaks are observed in each of the distributions, that scale approximately as the square root of the mass of the molecules, as expected. The two modes can often be observed together, as in the inset to Fig. 12 . For D 2 an additional mode appears near 90 meV. This mode cannot easily be observed for the other two isotopes, since the lighter HD and H 2 mass shifts the mode above 100 meV where the junctions become very unstable.
For a given junction with spectra as in Fig. 12 it is often possible to stretch the contact and follow the evolution of the vibration modes. The frequencies for the two lower modes were seen to increase with stretching, while the high mode for D 2 is seen to shift downward. This unambiguously identifies the lower two modes as transverse modes and the higher one as a longitudinal mode for the molecule. This interpretation agrees nearly quantitatively with DFT calculations for a configuration of a Pt-H-H-Pt bridge in between Pt pyramidally shaped leads . The conductance obtained in the Figure 13 : Distribution of vibration mode energies observed for H 2 , HD, and D 2 between Pt electrodes, with a bin size of 2 meV. The peaks in the distribution for H 2 are marked by arrows and their widths by error margins. These positions and widths were scaled by the expected isotope shifts, 2/3 for HD and 1/2 for D 2 , from which the arrows and margins in the upper two panels have been obtained. From: Djukic et al. (2005) ; copyright The American Physical Society.
DFT calculations , Smit et al., 2002 also reproduces the value of nearly 1 G 0 for this configuration. The fact that we observe vibration modes for HD that are intermediate between those for H 2 and D 2 confirms that the junction is formed by a molecule, not an atom. The number of conduction channels found in the calculations is one, which also agrees with experiment as will be discussed next.
Conductance fluctuations and shot noise
As discussed above, the number of conductance channels can be obtained experimentally from a number of independent measurements. The mean amplitude of the conductance fluctuations can be exploited to verify whether the transport near multiples of G 0 is indeed due full transmission of an integer number of conductance channels, as explained in Sect. 3.3.3 above. This has been done for Pt-H 2 (Smit et al., 2002) and Pd-H 2 (Csonka et al., 2004) . For the former a clear suppression of the fluctuation amplitude was observed at the position of the peak near 1 G 0 although the minimum was not as deep as for gold atomic contacts. This can be attributed to the strong sensitivity of the fluctuation amplitude near the minimum to The noise is clearly strongly suppressed below the full Schottky noise for a tunnel junction. After each measurement of noise at a given current, the PCS was measured again to verify that the contact had not changed. The total conductance for this junction is G = 1.021G 0 , and the shot noise can be fitted with two channels, T 1 = 1.000, and T 2 = 0.021, giving a Fano factor of F = 0.020. Adapted from: Djukic and van Ruitenbeek (2006) ; copyright American Chemical Society.
small deviations from perfect transmission. The transmission of the dominant channel was estimated to be 0.97, confirming that essentially a single channel carries the transport. This also implies that the junction is made up of of just a single molecule. Although Pd with hydrogen may show a peak in the conductance histogram near 1 G 0 , it is not as pronounced as for Pt, and Csonka et al. (2004) did not observe a clear minimum in the conductance fluctuations. The conductance fluctuation experiment relies on averaging over many atomic configurations. A more direct test is provided by a measurement of shot noise, which was recently done for the hydrogen molecule bridge (Djukic and van Ruitenbeek, 2006) . A Pt-H 2 junction was adjusted that has a clear vibration mode signal, and the shot noise signal was measured for the same junction. An example of this measurement is shown in Fig. 14 . Although shot noise generally does not allow determining the full set of transmission values, we obtain information from the property that the noise increases the more channels are partially transmitted. We could redistribute the conductance over more than just the two channels considered in Fig. 14 . When we break up the transmission T 1 = 1.000 into more channels this immediately increases the Fano factor. The only freedom we have is to redistribute the transmission T 2 = 0.021 over two or more channels, that will all have a very small contribution. The dominant transmission by a single conductance channel with nearly perfect transmission is a very robust result of these measurements.
Discussion of the results for hydrogen
Several DFT calculations other than the ones mentioned above have been performed (see, e.g., García-Suárez et al. (2005) , García et al. (2004) , and Cuevas et al. (2003) ). Using a slightly different approach García et al. (2004) obtain a conductance well below 1 G 0 . They propose an alternative atomic arrangement to explain the high conductance for the Pt-H bridge, consisting of a Pt-Pt-bridge with two H atoms bonded to the sides in a perpendicular arrangement. However, this configuration gives rise to three conductance channels, which is excluded based on the analysis of shot noise and conductance fluctuations as discussed above. The other calculations are in better agreement, and the origin of the discrepancy lies possibly in the choice of representing the leads by a Bethe lattice (García et al., 2004) . This example illustrates the need for a reliable set of experimental data against which the various methods can be calibrated. The metal-hydrogen-metal bridge may provide a good starting point since it is the simplest and it can be compared in detail by virtue of the many parameters that have been obtained experimentally.
Organic molecules
Beyond the simplest molecule, H 2 , many compounds have been tested. However, only a few will be discussed here, for we want to remain with simple systems that have a high transmission probability and for which the junctions have been characterized by the lowtemperature techniques outlined above.
By its high degree of symmetry C 60 is a good candidate for further study and it has been studied by several groups at low-temperatures by STM, MCBJ, and other techniques. (Böhler et al., 2007 , Champagne et al., 2005 , Danilov et al., 2006 , Joachim et al., 1995 , Kiguchi and Murakoshi, 2008 , Néel et al., 2007 , Park et al., 2000 , Parks et al., 2007 , Yoshida et al., 2007 . It appears that the conductance across a single C 60 molecule is sensitive to the method of deposition and, to a lesser extend, to the type of metal electrodes used. When depositing the molecules from solution at room temperature the metal-molecule coupling varies from one device to the next and is typically well below 0.1 G 0 . The weak coupling gives rise to a Kondo anomaly that can be tuned by the electrode spacing (Parks et al., 2007) . However, depositing on clean metal electrodes by local sublimation gives rise to strong electronic coupling, which removes the Kondo effect. Danilov et al. (2006) use a special technique of in situ fabrication of the Au metal electrodes by evaporation in a liquid-helium cooled chamber, followed by deposition of the molecules. They observe a conductance that is still low because the metal is only strongly bound to one electrode and the technique employed does not permit adjusting the distance, but they observe nanomechanical oscillations of the molecule between the leads as in Park et al. (2000) . MCBJ experiments that allow adjusting the gap size show a conductance for C 60 between gold electrodes in the range of 0.1 to 0.2 G 0 (Böhler et al., 2007, Kiguchi and Murakoshi, 2008) . In the latter work it is demonstrated that the conductance is even considerably higher, G = 0.5 G 0 , when employing Ag electrodes.
The most detailed information on the conductance of a C 60 molecular junction comes from STM experiments performed at 8K under UHV (Néel et al., 2007) . The molecules were deposited by sublimation onto a clean Cu(100) surface and were probed by a Cu-covered tip. The orientation of the molecules on top of the Cu(100) surface could be resolved, and only those molecules were selected that exposed a C-C bond between a hexagon and a pentagon at the top. When approaching the tip towards the molecule they observed a jump into contact from about G = 2.5 × 10 −2 G 0 to G = 0.25 G 0 (see Fig 15) . The advantage of these lowtemperature STM experiments is obviously the fact that one obtains 'visual' confirmation of the presence of the molecule, the orientation and structure of at least one of the two metal electrodes is known, and one can even observe the orientation of the molecule on top of the surface. There is satisfactory agreement of the observed conductance with calculations based on DFT (Fig 15) .
The number of such STM studies is surprisingly scarce but beautiful results have recently been reported by Temirov et al. (2008) on a complex system, PTCDA (4,9,10-perylenetetracarboxylic-dianhydrid), on a Ag(111) surface. They demonstrate that one can controllably contact the molecule to the STM tip at one of the four oxygen corner groups and peel the molecule gradually from the surface. The conductance clearly varies in the process of peeling, but when pulled to an upright position the conductance is approximately 0.15 G 0 . During the process an interesting Kondo-like resonance develops that can be tuned by the electrode position.
Further results for high transmission molecular junctions have been obtained for CO, C 2 H 2 , H 2 O, and benzene between Pt electrodes by the MCBJ technique (Djukic, 2006 , Untiedt et al., 2004 . In order to preserve the advantages of the lowtemperature break junction approach the molecules must be introduced at low temperatures. This has the disadvantage that the chemistry involved is largely unexplored, but it also opens many new avenues for exploring different metal electrodes and other types of chemical bonding. It turns out to be possible to deposit molecules while the atomic contact is held cold at helium temperatures. This was done by evaporating the substance from a source at room temperature through a capillary that is temporarily heated. Despite the fact that the mobility of molecules over a metal surface, once they are deposited at helium temperatures, should be negligible the metal-molecule-metal junctions can be formed repeatedly during the breaking/indentation cycles of the break junction device. Likely, the mechanical deformation of the contact guides the molecules to neck, which is the most reactive spot of the exposed metal surface.
The most complete study of this kind was done for benzene . The unsaturated carbon bonds provide a set of orbitals that are available for chemical bonding to clean transition metal surfaces. A bonding configuration was found having the benzene molecule suspended between the Pt tips stretched to the point that the bond is confined to one carbon atom on each side. In this state the conductance is between 0.1 and 0.4 G 0 , and good agreement was obtained between DFT calculations and experiment. Specifically, a vibration mode was identified near 42 meV that is insensitive to stretching of the junction over a wide range. Upon isotope substitution of all carbon atoms by 13 C a shift is observed that confirms that the signal is due to a vibration mode in benzene and that the vibration mode involves a large fraction of the carbons in the molecule (Fig 16) . Furthermore, by shot noise measurements it could be demonstrated that the current in this configuration is carried by a single conductance mode. This substantiates that only a single molecule is involved and it agrees with the number of conductance channels for that molecule as obtained from the DFT calculations. These findings for benzene may proof relevant for further studies on more complicated organic molecules because they show that the unsaturated carbon bonds can be exploited for anchoring the molecule to the metal electrodes, which provides a more direct coupling of the metal electrodes to the carbon backbone of a molecule.
CONCLUSION
With this brief review we hope to have illustrated that clean atomic and molecular junctions at low temperatures offer many possibilities for obtaining detailed information, that reaches beyond the conductance or the current-voltage characteristics. The transport of electrons can be quasi-ballistic and the deviations from perfect transmission can be quantified and interpreted. Having this information allows us to distinguish between various approaches in computational modelling, and helps refining the theory. The most active research is now towards coupling molecules to metal electrodes. The methods described here permit us to characterize such junctions in detail and, moreover, to explore different types of chemical bonding, with other metal electrodes than the ubiquitous gold electrodes, and with other anchoring groups than the commonly exploited thiols.
